Introduction
Heavy metals currently and hazardously af fect human, physical and biological compo nents, inducing environmental pollution mainly caused by industrial activities. Among heavy metals, Cd is of particular concern due to its widespread occurrence and its high toxicity. Cd pollution is increa sing in the environment due to mining, in dustrial usage and anthropogenic activity (Merrington & Alloway 1994 , Zhou 2003 . Salt et al. (1998) observed the ability of plants to translocate significant quantities of Cd to aerial parts, which promoted the idea to use plants to clean up polluted soils, a process called phytoremediation.
Poplars and willows have the potential to provide a cheap method of cleaning up Cdcontaminated soils because of their high bio mass production and high Cd bioaccumula tion coefficient (e.g., Dickinson 2000 , Robinson et al. 2000 . Plant biomass, metal tolerance, and metal accumulation in roots and leaves vary greatly between clones (Dos Santos Utmazian et al. 2007 ). Phytoextrac tion potential of a clone is primarily deter mined by metal concentration and by bio mass production (Laureysens et al. 2005) . The variability of Cd distribution among leaves, stem, and roots provides candidate Salicaceae for specific phytoremediation processes of contaminated waters and soils (Pietrini et al. 2010) . Considering the impact of Cd on Salicaceae rooting, Lunácková et al. (2003) observed seriously damaged root parts, apex, rhizodermis and cortex, while the structure of central cylinder remained un changed following treatment, showing resi stance of root apical meristem and accumula tion of darkly stained material around the central cylinder.
Cadmium comes into plants through the root system. Several transporters have been identified as playing a potential role in the uptake, including the ZIP family (ZRT1/ IRT1-like proteins - Connolly et al. 2002) , Ca channels (Perfus-Barbeoch et al. 2002) or members of the Nramp family (Maser et al. 2001) , which are normally responsible for the uptake of Zn . Once transported across the plasma membrane in side the roots, heavy metal ions may be translocated, in some cases, to the aerial part of the plant via the xylem. Besides, com pared to other metals (i.e., As), Cd has high trend to accumulate also in other organs than the roots, like stems and leaves (Clemens 2006 , Zacchini et al. 2009 ). However, roots are interested by stress adjustments earlier than leaves (Kieffer et al. 2009a) . Stress ex posure in roots occurs immediately upon the beginning of the treatment, when the Cd content in roots is very high (Kieffer et al. 2009b ). Cadmium ions cross plasmalemma and internal membranes through transporters /channels with a low specificity (Clemens 2006) . However, the mechanism, accounting for the transport of heavy metals across membranes in plants and its regulation, is far from understood. Scanning electron microscopy allows for the observation of samples, at high magnifi cations and good field depth with a mini mum preparation, and with the possibility to combine structural and analytical informa tion by energy-dispersive x-ray microana lysis and digital images (SEM-EDXMA). Although SEM-EDXMA has been used with some success to plot the subcellular distribu tion of metals (e.g., Frey et al. 1997 Frey et al. , 2000 , a poor sensitivity and interference with other cations (e.g., K) may limit Cd detection. Nevertheless, metal distribution within plant organs and tissues may be a good indicator of detoxification and tolerance mechanisms. In this sense, hydroponic screenings show several advantages (Dos Santos Utmazian et al. 2007 ) in selecting from a considerable number of individuals while reducing the variability due to the environmental factors (Pulford & Watson 2003) .
The knowledge of Cd effects on the absor ption, accumulation and distribution of es sential elements, such as Ca, Fe and P, in roots is still marginal and remains to be in vestigated. In the case of the addition of Ca in a culture medium polluted by Cd, an in crease of biomass production in tomato plants was observed by Boulila Zoghlami et al. (2006) . Cocozza et al. (2008) showed in creasing Fe and decreasing P concentrations in root tissues of poplar clones subjected to excess Cd. Cadmium may inhibit Fe translo cation from roots to shoots, inducing the in hibition of enzyme Fe(III)-chelate reductase (Alcántara et al. 1994) , and consequently Fe accumulation in roots (Fodor et al. 2005) .
In a companion study, Zacchini et al. (2009) defined Cd tolerance, accumulation and translocation ability, in poplar and wil low clones treated with Cd in hydroponic systems. The present study aimed at identi fying the distribution of Cd and essential ele ments in root tissues of six candidate clones of Salicaceae, with screening purposes. We A screening in hydroponics was carried out to assess the potential of Cd uptake and metal accumulation in roots of 4 poplar and 2 willow clones. Rooted cut tings were exposed for 3 weeks to 50 μM Cd sulphate in a growth chamber. Salicaceae clones were discriminated in their potential to absorb and distri bute Cd in root tissues considering the interaction between metal and macro nutrients. SEM-EDXMA was useful to investigate structural modifications and to identify in situ concentration and distribution of elements in roots, establishing indirect correlations between accumulation and localization of the metal. Overall, observations suggested differential patterns between species and clones in accumulating Cd within the root profile. In conclusion, Cd accumula tion in root levels would hardly be a useful indicator of the ability of plants to translocate metal, independently from other parameters, while Cd location in the root cross-section levels could suggest clone-specific control mechanism to mineral uptake.
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focused on the investigation of the Cd alloc ation strategies, observing the metal distribu tion at the root level and root cross-section level, and describing symptoms of Cd tox icity or interference, considering the interac tion with others chemical elements. The spe cific objectives of the study were to: (i) val idate whether short-term Cd treatment in duced differential Cd absorption in the selec ted clones; (ii) investigate the Cd allocation in root levels (apex, central and distal zone) and across cross-sections (central cylinder, cortex and epidermis); (iii) to establish a link between the distribution of Cd and that of essential elements in roots.
Materials and methods

Plant material and growth conditions
Woody cuttings of Salicaceae clones (A4A and I-214 Populus x canadensis Mönch.; Poli and 58-861 Populus nigra L.; SS5 Salix alba and Cretone Salix sp.) with uniform size (20 cm in length and diameter larger than 1 cm) were collected from mother plants at IBAF-CNR (Montelibretti -Roma, Italy). Cuttings were grown in pots suitable for hydroponic culture (diameter 13-15 mm) with 3 L of third-strength Hoagland's nutri ent solution, pH 6.5 (Arnon & Hoagland 1940) . The growth conditions were highly controlled with metal halide lamps (Power star HQI-TS -Osram, Munich, Germany) providing a photon flux density of 300 μmol m −2 s −1 for 14 h at 25 °C. During the 10 h dark period the temperature was 20 °C. The relative humidity was 60-70%. Experimental details can be found in Zacchini et al. (2009) and Pietrini et al. (2010) .
After 3 weeks of development, five homo geneous plants per clone were selected and randomly assigned to two groups of treat ment: control (0 μM) and Cd-treatment (50 μM CdSO4 -Sigma, St. Louis, USA) for three weeks. Each treatment group consisted of five cuttings from each clone. The nutri ent solutions were replaced entirely twice a week to prevent depletion of metals and nu trients and to expose plants to a constant metal concentration. An aeration system based on pumps was used to avoid lack of oxygen.
Root sampling
The length of the main root was measured using caliper after three weeks of Cd-treat ment, when plants were gently removed from hydroponics.
Three segments of primary roots were taken from each plant and immediately plunged in a solution of 3% glutaraldehyde (0.01 mol l -1 phosphate buffer) for micro scopic analysis. These segments were ap proximately 0.5 cm long: the root apex, the central zone corresponded to the middle of primary root, and the distal zone at the end of primary root.
Energy-dispersive x-ray microanalysis (EDXMA) and scanning electron micro scope (SEM)
Chemical elements were determined in roots of control and treated plants using scanning electron microscopes (SEM) equipped with energy-dispersive x-ray de tector (EDX), which produces point-specific measurements. Root samples were fixed in 3% glutaraldehyde solution (C5H8O2, 0.01 mol l -1 phosphate buffer) to maintain protein structures, and then post-fixed for 3h in 1% osmium tetroxide (OsO4) to fix proteins and lipids and to improve the contrast of electron microscope pictures. Specimens were sub sequently rinsed in fresh buffer and dehy drated through a series of ascending ethanolwater solutions (20-30-40-60-80-95-100%) , with a last wash in acetone for a better CO2 substitution during the dehydration proced ure at a pressure of 1200 bars. Afterward, root samples were dried to critical-point (critical point drier K850 -Emitech, Ash ford, UK) to produce an electrically conduc tive surface and thus prevent charging under the electron beam, and then covered with carbon (EDXMA) and gold (SEM) through sputtering (sputter coater K550 -Emitech, Ashford, UK) under vacuum. Carbon was iForest (2011) 4: 113-120 used instead of metal coating to avoid inter ference with measured elements, while gold was used to improve conductivity and in crease topographic contrast. Observations were done in a SEM (Zeiss DSM 940A, Oberkochen, Germany) operating at 10 kV.
Micrographs of roots
Micrographs were developed for different root levels: the apex, the central and the distal zones. For each root portion, EDXMA was conducted per specific dot considering positions across sections: the central cylin der, the cortex and the epidermis (Fig. 1) . Mapping of elements in cross-sections was also produced through EDXMA, as shown in detail in Fig. 2 .
Statistical analysis
The experiment was set up in a completely randomized design with five replicate plants for each treatment (n = 5). Data were ave raged on a plant basis and subjected to ana lysis of variance (ANOVA) to test signifi cant differences between the main effect of genotype, treatment and interaction terms. The Student's t-test (pairwise) was used to compare Cd concentration means for these clones. Significant effects were considered at P ≤ 0.05.
Results
Root length
Cretone, I-214, A4A and Poli showed a de crease in root length upon Cd exposure com paring to control plants (Fig. 3) , and a signi ficant interaction clone x treatment was found (Fig. 3) . Instead, 58-861 and SS5 grew under Cd treatment with no significant reduction in root length.
Cadmium and macronutrient distribu tion in roots
Cadmium and macronutrient contents in roots of selected clones were calculated as percentage amount on a dry weight basis of analyzed sections and are reported in Tab. 1, Fig. 4 and Fig. 5 . Macronutrients were not detected in all analyzed points, because of detection limits. Cadmium content in control plants was generally below or near the detec tion limit and is not shown in Tab. 1.
Cadmium contents were significantly dif ferent between root levels in each clone, ex cept for Cretone, and overall higher in 58-861, I-214 and A4A (Tab. 1). Clone 58-861 showed relatively high Cd content in the central zone, A4A and Poli in the apex, and SS5 in the distal zone (Tab. 1). Furthermore, Cd distribution was significantly variable between cross-sections, except for SS5 (Tab. 1). Relatively high Cd contents were mea sured in the cortex of 58-861, A4A and Poli, in the epidermis of I-214 and Cretone (Tab. 1).
Total contents of Cd, Ca and P in the root system were significantly different between clones (Tab. 2). Interactions "clone" x "root level" for Ca and "clone" x "root cross-sec tion" for P were not significant (Tab. 2).
In 58-861 (Fig. 4) , Fe contents in central and distal zones were higher for treated roots (P < 0.05). In Poli, Fe contents were higher in root apexes and lower in the distal zone of treated roots (P < 0.001). In Cretone, Fe contents were higher in the central zone of treated roots (P < 0.05), while in the distal zone Fe was below the detection limit. In Poli, Ca showed lower contents in the cent ral and the distal zone of treated roots (P < 0.05). In A4A, P contents were higher in the central zone of treated roots (P < 0.001). In Poli, P contents were lower in root levels of treated plants (P < 0.05). In Cretone, P was detected only in the distal zone of treated roots (P < 0.05).
In 58-861 (Fig. 5 ), significant differences in Fe and Ca contents were found through cross sections, being higher in epidermis and cortex of treated roots (P < 0.01). In I-214, Ca varied significantly between cross sec tions (P < 0.05), resulting lower in treated roots. Instead, P contents did not vary through cross sections of roots.
Relationships between elements were ana lyzed, being significant for each clone only in the case of Cd-Ca contents (Fig. 6) . The relationships showed higher slopes in willow than poplar clones, with willows showing higher Cd contents at similar Ca contents than poplars. The relationships were highly variable between poplars, evidencing two opposite cases, 58-861 with high Cd and Ca Tab. 1 -Cadmium contents determined by SEM-EDXMA in control and treated roots of pop lar and willow clones at root levels and cross-sections (in % weight, mean ± SE). One-way ANOVA was performed for Cd in root levels and cross-sections. (*): P < 0.05; (**): P < 0.01; (***): P < 0.001; (NS): not significant. 
Level
Discussion
The present paper was part of a project aimed at screening poplar and willow clones with tolerance to excess Cd and uptake capa city for remediation of heavy metal polluted soil. The selection of high performing clones was based on metal accumulation. Overall, all the selected clones analyzed in the present experiment showed a considerable potential for Cd uptake in roots. This ability is in agreement with previous results ob tained in companion studies (Zacchini et al. 2009 , Pietrini et al. 2010 .
Root length was unaffected by excess Cd in 58-861 and SS5. Root length defines the capability to absorb water and nutrients, and consequently metal uptake is more strongly related to root length than root weight (Boot & Mensink 1990 , Wei & Zhou 2006 . Root elongation could offer a simple screening parameter for highlighting different sensiti vity to Cd in clones of poplar and willow (Zacchini et al. 2009 ). A fine, widely branched root system was considered a good selection criterion for plant species in phyto remediation (Merkl et al. 2005) .
Microanalysis allowed describing some Cd allocation mechanisms in roots of these Salicaceae, which may support different strategies for tolerating metal, depending on exclusion and detoxification mechanisms. The short-term metal exposure was sufficient for Cd detection and illustrated a clone-spe cific distribution of elements in roots tissues. Total Cd content showed higher ability of poplar clones to remove metal from the solu tion than willow clones (see also Zacchini et al. 2009 ), which could imply a substantial capability for more advantageous transloca tion of metal to the aboveground plant struc tures. The integrity of root system involved in Cd uptake, coupled with the capacity of translocation to shoots, represents an impor tant factor in screening clones for phytore mediation (Lasat et al. 1997 , Shen et al. 1997 , Lasat et al. 1998 .
A remarkable Cd accumulation was identi fied in root levels, showing clone-specific Cd thresholds. A great Cd accumulation in roots was found in 58-861 and I-214, while this was not the case in Poli, Cretone and SS5. At first glance, 58-861 with unaltered root length under excess Cd could represent a good candidate for phytoremediation. On the opposite side, SS5 showed high Cd con tent in the distal zone of its roots, which may suggest a low transport efficiency of Cd, but also an efficient transport mechanism along root and a rapid metal translocation to leaves. Again, higher Cd contents in root apex than distal zone were observed in A4A and Poli, suggesting a slow metal transloca tion. Tab. 2 -Two-way ANOVA was performed for Cd, Fe, Ca and P (root levels: apex, central and distal zone; cross-sections: central cylinder, cortex and epidermis). (*): P < 0.05; (**): P < 0.01; (***): P < 0.001; (NS): not significant. I-214 and Cretone were characterized by high Cd contents in the epidermis, which might suggest slow or reduced metal mobi lity towards the central cylinder. Whereas, 58-861, A4A and Poli had high Cd contents in the cortex. Cd was not detected in high percentage in internal tissues, central cylin der, being important for identifying any ana tomical barrier to metal movement, as ob struction to the distribution of elements from the epidermis to the central cylinder. This, in general, could give control over mineral up take to the plant, but can also represent a to lerance strategy in phytoremediation sys tems. On the other hand, differential Cd lo calization in cross sections could suggest clone-specific metal mobility through inter nal root tissues. Other than exclusion strategy, internal detoxification is also an im portant strategy in metal tolerance, and these clones may have evolved different strategies for metal tolerance (e.g., Castiglione et al. 2009) . A partial root barrier may facilitate while a tight barrier may obstruct the uptake of wa ter, ions and nutrients at the basal root zones (e.g., Soukup et al. 2007 , Deng et al. 2004 , therefore, these mechanisms could be like wise adopted by plants to control the metal and toxic elements distribution in roots. In this contest, the Casparian strip could be an obligatory passage to filter the aqueous ab sorbed solution, from the cortex to the cen tral cylinder in roots (Haynes 1980) , thus limiting Cd distribution crossways the root. In Fig. 7 , sequential details show the signi ficance of these anatomical structures in providing direction for studies on the control of metal diffusion in root tissues. Accor dingly, the exclusion ability conferred by root barriers is presumably an important mechanism for Cd translocation to leaves, which might define clone-specific aptitude to preserve aboveground structures by toxic elements and to absorb metals for environ mental cleaning. Micrographs did not show damages and necrosis induced by excess Cd in root tissues of any of the tested clones.
An interesting relationship was found between metal and Ca contents, suggesting that the accumulation of Cd did not interfere with macronutrient absorption, while these clones cope with metal stress. There is no specific transporter for selective Cd uptake, but the metal could also permeate through Ca channels, being both divalent cations (Hinkle et al. 1992 , Perfus-Barbeoch et al. 2002 . The distribution of Ca in roots was not affected by Cd, except in Poli (root levels), in 58-861 (root cross-section), and in I-214 that showed lower Cd contents in treated than control roots. Results on Ca dis tribution in roots might certificate efficient transport Ca-channels under excess Cd, and/or metal concentration below critical threshold. Commonly, high concentrations of heavy metals may block plant water chan nels and also affect ion channels and trans port of osmotically active elements, which provide the driving force for water transport (Eckert et al. 1999) .
Both high contents of Cd and Fe were found in root portions, such as in central and distal zones for 58-861, and in apex for Poli. Fodor et al. (2005) showed that Cd contents increased in root and shoot with Fe-chelates, while, in contrast, Cohen et al. (1998) . Possible mechanisms of enhanced Cd uptake could be explained by high affinity of nutri ent transporter for metal uptake. For in stance, Cohen et al. (1998) and Vert et al. (2002) observed the induction of a Fe trans porter that could account for enhanced up take of divalent cations, including Cd and Fe respectively, in Fe-deficient plants.
In addition, P was not differently distri buted in root cross-sections, but it was high when Cd content was low, such as in central zone for A4A and Poli. Williams & David (1977) observed that Cd uptake was also af fected by the distribution of phosphate in the root zone, because the addition of phosphate led to the proliferation of roots in the soil phosphate-treated layers. As a result, experi ments in hydroponics do not represent the best environment to define the role of P in Cd uptake (Duncan & Ohlrogge 1958) .
Overall, Cd tolerance could be defined by metal distribution and by lack of interference with the distribution of macronutrients into root tissues. Again, dynamics of Cd distribu tion in roots could be also responsible for the clone-specific ability to cope with high Cd concentrations and for their overall high tolerance to Cd. Finally, the large root con centrations observed in this experiment, al though probably partly due to high Cd avai lability in hydroponics, might indicate that metal removal by roots at the end of the re mediation process would allow extraction of an additional amount of Cd.
The accumulation and distribution of Cd in roots were important traits for the evaluation and screening of these clones under excess Cd. Clone 58-861 could maintain large and widely resistant root system absorbing high metal content, and thus has great potential applications in large-scale phytoremediation projects. As opposite, clone Poli might either have high metal translocation to leaves (see also Zacchini et al. 2009 ), or low potential to absorb high Cd contents. Clone SS5 was not affected by Cd excess at the level of root length, though showing metal content com parable to other clones. We conclude that Cd accumulation in root levels cannot be unquestionably used as in dicator of the ability of Salicaceae to trans locate metal, while Cd localization in root cross-sections would suggest clone-specific control mechanisms to mineral uptake. How ever, information obtained by SEM-EDXMA could contribute to programs aimed at elucidating functional and structur al aspects of plant-metal interaction.
